Severe pulmonary edema sometimes develops despite normal pulmonary capillary wedge pressure (Ppw). The equation describing net transvascular flux of lung liquid predicts decreased edema when hydrostatic pressure is reduced or when colloid osmotic pressure is increased in the pulmonary vessels. We tested these predictions in a model of pulmonary capillary leak produced in 35 dogs by intravenous oleic acid. 1 h later, the dogs were divided into five equal groups and treated for 4 h in different ways: (a) not treated, to serve as the control group (Ppw = 11.1 mm Hg); (b) given albumin to increase colloid osmotic pressure by 5 mm Hg (Ppw = 10.6 mm Hg); (c) ventilated with 10 cm H 2 O positive endexpiratory pressure (Peep) (transmural Ppw = 10.4 mm Hg); (d) phlebotomized to reduce Ppw to 6 mm Hg; (e) infused with nitroprusside, which also reduced Ppw to 6 mm Hg. Phlebotomy and nitroprusside reduced the edema in excised lungs by 50% (P< 0.001), but Peep and albumin did not affect the edema. Pulmonary shunt decreased on Peep and increased on nitroprusside, and lung compliance was not different among the treatment groups, demonstrating that these variables are poor indicators of changes in edema. Cardiac output decreased during the treatment period in all but the nitroprusside group, where Ppw decreased and cardiac output did not. We […] Find the latest version:
A B S T R A C T Severe pulmonary edema sometimes develops despite normal pulmonary capillary wedge pressure (Ppw). The equation describing net transvascular flux of lung liquid predicts decreased edema when hydrostatic pressure is reduced or when colloid osmotic pressure is increased in the pulmonary vessels. We tested these predictions in a model ofpulmonary capillary leak produced in 35 dogs by intravenous oleic acid. 1 h later, the dogs were divided into five equal groups and treated for 4 h in different ways: (a) not treated, to serve as the control group (Ppw = 11.1 mm Hg); (b) given albumin to increase colloid osmotic pressure by 5 mm Hg (Ppw = 10.6 mm Hg); (c) ventilated with 10 cm H20 positive end-expiratory pressure (Peep) (transmural Ppw = 10.4 mm Hg); (d) phlebotomized to reduce Ppw to 6 mm Hg; (e) infused with nitroprusside, which also reduced Ppw to 6 mm Hg. Phlebotomy and nitroprusside reduced the edema in excised lungs by 50% (P< 0.001), but Peep and albumin did not affect the edema. Pulmonary shunt decreased on Peep and increased on nitroprusside, and lung compliance was not different among the treatment groups, demonstrating that these variables are poor indicators of changes in edema. Cardiac output decreased during the treatment period in all but the nitroprusside group, where Ppw decreased and cardiac output did not. We conclude that canine oleic acid pulmonary edema is reduced by small reductions in hydrostatic pressure, but not by increased colloid osmotic pressure, because the vascular permeability to liquid and protein is increased. These results suggest that low pressure pulmonary edema may be reduced by seeking the lowest Ppw consistent with adequate cardiac output enhanced by vasoactive agents like nitroprusside. Further, colloid infusions and Peep are not helpful in reducing edema, so they may be used in the lowest amount that provides adequate circulating volume and arterial 02 saturation on nontoxic inspired 02. Until these therapeutic principles receive adequate clinical trial, they provide a rationale for carefully monitored cardiovascular manipulation in treating patients with pulmonary capillary leak. INTRODUCTION Adult respiratory distress is a syndrome in which seriously ill patients develop acute hypoxemic respiratory failure even though their primary disease often does not involve their heart or lungs (1) . Generalized pulmonary endothelial damage leads to pulmonary capillary leak and pulmonary edema, even when pulmonary vascular pressures are low or normal (2, 3) . Though the central aim of therapy of cardiogenic pulmonary edema is to lower elevated pulmonary microvascular pressure (Piv) with morphine, phlebotomy, and diuretics, this approach has not been tested in low pressure pulmonary edema (4) . Rather, the mainstays of treatment are approaches that improve arterial oxygenation, such as artificial ventilation with positive end-expiratory pressure (Peep) and enriched oxygen mixtures, despite little evidence concerning their effects on the leak (1, 5) . Furthermore, plasma and albumin are often used to raise circulating colloid osmotic pressure (7Triv) in the untested belief that this will reduce pulmonary capillary leak (1) (2) (3) (4) (5) .
This study was designed to investigate the effects of several potential therapies in a canine model of pulmonary capillary leak induced by intravenous infusion of oleic acid. The subsequent injury causes hemorrhagic pulmonary edema, with excess accumulation of plasma constituents in the lung, despite normal Piv and iriv (6, 7) . Recent investigations of the pathophysiology of pulmonary edema formation rate (QE) redefined Starling's original equation in a form which is the basis of our experimental rationale (8, 9) :
where Pis and iris are the pulmonary interstitial hydrostatic and oncotic pressures, respectively, and Kf and o are pulmonary vascular coefficients ofpermeability and protein reflection, respectively, and A is the pulmonary vascular surface area. By producing a relatively uniform increase in Kf and reduction in o-with oleic acid, we reasoned that we could determine the effects of small, potentially therapeutic adjustments in Piv and iriv by comparing the lung weights of an untreated group (No Rx) with those treated for 4 h. We were careful to keep Piv constant in the group of dogs in which nriv was increased by albumin infusion. Phlebotomy was employed as a convenient experimental method to lower circulating volume and Piv, which mimics essential features of diuretic therapy without altering riv (bled group). Expecting phlebotomy to reduce cardiac output, we studied a fourth group treated continuously with nitroprusside infusion, for our previous work demonstrated that acute nitroprusside infusion reduced Ppw but increased cardiac output in canine oleic acid pulmonary edema.' This was of additional interest because cardiac output is reduced despite normal or increased pulmonary wedge pressure (Ppw) in patients with adult respiratory distress (10) , and the response of this left ventricular dysfunction to vasoactive agents has not been studied. To a fifth group, Peep (10 cm H20) was added with care to keep the transmural Ppw constant using esophageal pressures as an estimate of the change in pressure outside the heart (11) . We also measured pulmonary shunt (Qs/Qt), thoracic gas volume at end expiration (TGV), lung compliance (CL), and hemodynamic variables to determine how well these indirect indicators related to the edema and its response to treatment.
We emphasize at the outset that the value of observations in this study is not dependent on how accurately canine oleic acid pulmonary capillary leak mimics clinical adult respiratory distress. Our purpose is to explore, for the first time, aspects oftreatment of one form oflow pressure pulmonary edema to indicate areas of similarity to and difference with what is conventionally held concerning treatment of cardiogenic edema. We are I Prewitt, R. M., and L. D. H. Wood. Effect of sodium nitroprusside on cardiovascular function and pulmonary shunt in canine oleic acid pulmonary edema. Submitted for publication.
cautious not to confuse information gained concerning treatment of this exudative phase of diffuse alveolar damage with its effects on any subsequent proliferation phase (12) . Though we consider it possible that improved management of the acute edema in adult respiratory distress might decrease the incidence and severity of the proliferative phase, this study does not address that possibility. (30 mg/kg), placed in the laterial decubitus position in a volume displacement plethysmograph, and artificially ventilated (20 ml/kg) with 100% 02 via tracheostomy tube. A catheter was placed via the femoral artery to obtain arterial blood and to monitor systemic blood pressure. This catheter was connected to a Statham P23 AC pressure transducer (Statham Instruments, Oxnard, Calif.). A thermistor-tipped, flow-directed Swan-Ganz catheter was inserted via the external jugular vein and positioned with pressure monitoring in a branch of the pulmonary artery where pulmonary artery pressure (Ppa) was reproducibly obtained. Pulmonary capillary wedge pressure was obtained by inflating the balloon. Samples ofmixed venous blood were obtained via this catheter. Vascular pressures were measured relative to the center ofthe chest. The pulmonary artery catheter was connected to a Statham P23 DB transducer. The output of each catheter was displayed on a six-channel Hewlett Packard oscillograph (Hewlett Packard Co., Palo Alto, Calif.). A second Swan-Ganz catheter was passed into the right atrium for injection of saline boluses during cardiac output determinations. The thermal dilution curve was recorded on a separate channel and was analyzed by computer (Columbus Instruments, Columbus, Ohio). A large-bore polyethylene catheter was placed in the central vein via the femoral vein for volume infusion and drug administration. Pleural pressure was estimated with an esophageal balloon connected to a Validyne DP15 differential pressure transducer (Validyne Engineering, Northridge, Calif.). The opposing port was connected to a lateral pressure tap on the tracheostomy tube to obtain pressure at the airway opening during measurements of TGV and to record transpulmonary pressure during measurement of lung compliance. These preparations were completed in -1 h and after ensuring an adequate level ofanaesthesia, the experiment began. To ensure equivalent hydration, all dogs had Ppw adjusted to 10 mm Hg by intravenous infusion of -300 cm3 of 6% dextran (75,000 mol wt). During a 10-s breathhold at end-expiration, heart rate, cardiac output, pleural pressure, blood pressure, Ppa, and Ppw were recorded, and the entire set of measurements was repeated three times at intervals of -30 s. The mean values were used to calculate stroke volume and pulmonary vascular resistance. MIeasurements of riv were obtained from samples of arterial blood. Simultaneous samples of arterial and mixed venous bloodc were obtained during ventilation immediately before each set of hemodynamic measurements. They were analyzed for blood gas tensions (Corning 165/z, Corning Scientific Instruments, Medfield, Mass.) and 02 contents by a carbon monoxide scrubbing technique (13) . Right-to-left shunts (Qs/Qt) were subsequently calculated. After hemodynamic measurements were completed, TGV (liters) was measured, calculated from the change in plethysmograph volume and airway pressure during an inspiratory effort against a closed airway at end expiration (14) . CL (milliliters per centimeter H20) was calculated from the change in transpulmnonary pressure during a quasistatic inflation of the lung by -500 ml from TGV.
GLOSSARY OF SYMBOLS
Following these control measurements, oleic acid (0.08 ml/ kg) was slowly infused into the right atrium. 1 h later, second measurements were obtained, and dogs were randomly divided into five groups. During the preceding interval, Ppw was maintained at -10 mm Hg by intravenous saline infused at 5-30 ml/h. 4 h after the experimental interventions were initiated (and so 5 h after oleic acid infusion), a third set of measurenments was obtained. All dogs were then heparinized and exsanguinated. The lungs were then excised, blotted dry, and weighed wet with precautions to catch airway liquids occasionally present. After air drying for 2 d at a transpulmonary pressure of 20 cm H20, the lungs were placed in an oven at 60°C until there was no further reduction in dry weight over a 24-h interval.
Interventions separating experimental groups
Untreated group. In this control group, Ppw was maintained at about the 1-h value throughout the 4-h treatment period. In general, this was achieved with a constant intravenous infusion of -30 ml/h normal saline. Measurements of Ppw and Ppa were repeated at 20-min intervals throughout this time, and those did not vary >2 mm Hg. The reported values represent the mean of all measurements during the treatment period in this and the other four groups.
Albumin-treated group. These dogs received 50 g of human serum albumin in 200 ml liquid volume over 40-50 min. During the intravenous infusion and for the 1st h afterwards, Ppw and Ppa were monitored at 5-min intervals. In five of the seven experiments, small phlebotomies were required to prevent Ppw from rising above the 1-h value. In practice, when Ppw rose by 2 mm Hg, 50-ml aliquots of blood were withdrawn from the arterial line while the albumin was infusing until Ppw returned to base line. In these five dogs, the blood withdrawn ranged from 50 to 450 ml (mean 150 ml). Usually, no further fluid adjustment was required by 1 h after the albumen infusion was complete.
In this group, iriv was determined when the albumin infu-sioIn was complete and at 1-h intervals thereafter. Peak values of 7riv occurred immediately after the infusioni (mean 24 mm Hg) and decreased in a curvilinear way to 20, 18, and 17 mm Hg at 3, 4, and 5 h. The time-averaged value of iriv was then calculated for each experiment and is the value reported in the results.
Bled group. Aliquots of 50 ml blood were successively withdrawn from the arterial line to reduce Ppw by 5 mm Hg from the base line value, and to maintain it at that level throughout the 4-h treatment period. This goal was achieved within 30 min in all dogs by removing 150-400 ml blood. Thereafter, smaller amounts needed to be withdrawn or reinfused, and the average phlebotomy for the treatment period was 250 ml.
Nitroprusside-treated group. Intravenous nitroprusside was infused at a progressively increasing rate from 1.0 ,ug/kg per min until the mean blood pressure decreased by 25%. This was usually achieved within 30 min at an average dose of 5 ,ug/ kg per min, and this rate and blood pressure were maintaned throughout the study. Ppw decreased with the blood pressure to a stable value at 30 min, and it also remained relatively constant for the next 3.5 h.
Peep-treated group. 10 cm H20 Peep was added to the venitilator of seven dogs after the 1-h measurements. This increased esophageal pressure by an average of 4 mm Hg, and acutely lowered the transmural Ppw and blood pressure in four of seven dogs. In these dogs, transmural Ppw was restored to the 1-h value by a small infusion of dextran (100-350 ml), and it remained at this value throughout the study. Peep was not removed until the lungs wvere excised.
Analysis of varianice was used to test for significance of differences in measured variables among groups at each ofthe three measurement times. When the F statistic indicated significance, a multiple comparison test (Tukey) was used to determine which groups differed. Where specific questions were asked in advance, t test was used to test for significance, anid its use is indicated in the text. Table I summarizes the effect of 0.08 ml/kg oleic acid on cardiopulmonary function in 35 dogs. Analysis of variance showed no significant difference among the five groups for any ofthe listed variables in either baseline or 1-h measurements. 1 h after oleic acid, pulmonary shunt doubled and TGV decreased by -25%, but there were no changes in the values of 7Tiv, Ppw, or Ppa. Cardiac output decreased in 29 dogs, and mean cardiac output decreased by 20% after oleic acid, so pulmonary vascular resistance (PVR) increased. Table II summarizes the mean (+SD) Ppw and 7riv for each group averaged over the subsequent 4-h treat- each of the other three groups, and that miv was significantly greater in the albumen group than in the other four groups. Table III summarizes the effects of these interventions on the weight of lungs excised after 4 h treatment.
RESULTS
Weights are normalized for body weight. For comparison with the treatment groups, corresponding values of lungs excised from dogs in our laboratories (15) , anaesthetized and ventilated in a similar manner and for a similar duration, but not given oleic acid, are presented.
These normal lungs have a narrow range of wet, dry, and wet/dry weights. The lungs with oleic acid pulmonary edema tripled their wet weights and increased their dry weight and wet/dry weight ratios. Analysis of variance of lung wet/dry ratios revealed a large F statistic (P < 0.001). Tukey's test confirmed that this was due to significantly lowered ratio in the bled and nitroprusside groups compared with both the No Rx and the albumin groups (P < 0.05). Similar changes were observed for analysis of lung wet weights, where the F statistic was again highly significant (P < 0.005). Mean wet/body weights of bled and nitroprusside groups were significantly less than the albumin group (P < 0.05, Tukey), and the lung wet weights of the nitroprusside group tended to be less than No Rx (0.05 < P < 0.1, Tukey). There were no significant differences between Peep and No Rx groups in terms of any lung weight measurement, and the low F statistic from analysis of variance of lung dry weights suggested no differences among the groups. Major differences in pulmonary oxygen exchange occurred during the treatment period, which did not parallel the difference in edema (Fig. 1) . Compared with the 1-h value, Qs/Qt increased during the next 4 h in 11 of 14 NMean valtes (+SD) of Pao2, Paco2, andcl pH are showni for each of the five stuidly grouips: l)efore oleic acid was given (Control), 1 h after oleic acid but before any intervention (1 h), and after a ftirther 4 h of the intervenitioni showni (5 h).
imieani Qs/Qt at 5 h was 136% (No Rx) and 127% (albumen) of the 1-h values. Despite having similar edlema to the No Rx and albumin groups, Peep reduced the shunit in all animncals, and meani Qs/Qt fell to 34% of the 1-h value. Phlebotomy also redtuced Qs/Qt in five of seveni dogs in that group, and the mean value decreased to 66% of the 1-h value. In the nitroprusside group, four of seven dogs increased Qs/Qt during treatmiienit, anid miieani Qs/Qt 5 h after oleic acid was 119% of the 1-h value. Arterial oxygen tension during 02 breathing followed the trends for Qs/Qt, and no significanit differences were detected by analysis of variancie among groups in PaCo2 or pH (Table IV) . Note that values of Pao2 are not as different as the corresponding Qs/ Qt valtues for the bled and nitropruissi(le grouips, because of the major differences andcl cardiac ouitput and Cvo2 between these groups. Further, Pao, tends to be higher in nitroprusside than in No Rx or albumin groups because cardiac output falls less (lutring the treatmiienit period (Table IV) .
Arterial blood pressure decreased with cardiac output during the treatment period in No Rx, albumin, and Peep groups (Table V) , so systemic vascular resistance did not change. The largest reduction in cardiac output occurred when phlebotomy reduced the central blood volume and the left ventricular filling pressure to 6.4 mm Hg. Despite a similar reductioni in Ppw on nitroprusside, cardiac output was maintained throughout the Mean values (+SD) of cardiac output, blood pressure, Ppa, and stroke volume are shown for each of the five study groups 1 h after oleic acid but prior to any intervention (1 h) and after a further 4 h of the intervention showvn (5 h).
Treatment of Pulmonary Capillary Leak in Dogs treatment period. Six of seven phlebotomized dogs increased their systemic vascular resistance, but all nitroprusside-treated dogs had decreased resistance. Accordingly, mean systemic vascular resistance was about three times lower and mean blood pressure was about 20 mm Hg lower in the nitroprusside group than the bled group. Ppa did not change significantly between 1 and 5 h in any group, and the change in Ppa was not significantly different among the groups during the treatment period. Accordingly, calculated PVR increased in all groups, and there was a strong trend (0.05 < P < 0.1, Tukey) for it to increase less in the nitroprusside group. Change in stroke volume between 1 and 5 h followed the changes in cardiac output. To illustrate an interesting feature concerning left ventricular function, the mean stroke volumes of different treatment groups at 5 h are plotted in Fig. 2 as percentage of their 1 h value against an estimate of left ventricular filling pressure. At the same Ppw, stroke volume decreased by 38% in the No Rx, albumin, and Peep groups. Phlebotomy decreased Ppw to 6.4 mm Hg and was associated with a larger reduction in stroke volume (57%), conceivably along the same depressed ventricular function curve. In contrast, a similar reduction in Ppw on nitroprusside decreased stroke volume by only 10%.
Measurements of CL were obtained in the three experimental conditions in 31 of the 35 dogs. Normalized for body weight, mean (+SD) CL (milliliters per centimeter H2O per kilogram) averaged 3.5±1.1 in the control condition (Fig. 3 ). There were no significant differences among the groups, but CL of the Peep group tended to be greater (4.5±0.8). 1 h after oleic acid, CL decreased in all experiments, and the mean value (±+ SD) decreased to 2.0±+0.8. During the next 4 h, C Ldecreased further in 27 of 31 experiments and mean CL was 1.65+0.6. Thus CL was reduced by 50% at 5 h after oleic acid, and most ofthis change occurred in the 1st h. There were no obvious differences between the groups, except that three offive Peep animals increased CL between 1 and 5 h, and mean CL increased in that group to 2.4±0.3. TGV was adequately measured in all experimental conditions in six No Rx, seven bled, and five nitroprusside-treated dogs. It was not measured in the Peep or albumin groups. Mean TGV in these experiments decreased 22% at 1 h after oleic acid (Table  I) . There was a further reduction during the next 4 h in all No Rx animnals, and mnean TGV decreased fromn 0.62 +0.23 at 1 h to 0.44 +0.16 at 5 h (Fig. 4) . In contrast, TGV increased between 1 and 5 h in halfofthe bled and nitroprusside groups, so mean TGV did not decrease further in those groups with reduced edema. 
DISCUSSION
This study confirms and extends previous descriptions of the acute pathophysiology of oleic acid pulmonary edema (6, 7). 1 h after intravenous injection of oleic acid, intrapulmonary shunt doubled, and TGV and CL were substantially reduced. These findings are consistent with alveolar flooding by excess lung liquid leaking from pulmonary vessels having normal hydrostatic and oncotic pressures. Presumably, lung liquid flux increased and edema accumulated because oleic acid increased the number and size of pulmonary vascular leak sites (Kf) and reduced the protein reflection coefficient (a) such that both the protein concentration difference and its effect on water flux were reduced. Pulmonary edema was confirmed by the wet and dry weights of the excised lungs 4 h later when intrapulmonary shunt, TGV, and CL had become more abnormal in the group of seven control dogs (No Rx). One explanation of these results is that low pressure edema distributed in the pulmonary interstitium and flooded normal air spaces, which nonventilated lung units continued to receive part of the pulmonary blood flow. These findings resemble the pathophysiology reported in patients with adult respiratory distress syndrome (1) (2) (3) 5) . How several interventions altered the pathophysiology of canine oleic acid edema suggests therapeutic principles for pulmonary capillary leak. Extension of these findings from our controlled situation to a spontaneously occurring set of circumstances in patients is speculative, however, and our conclusions below require adequate clinical trial.
Relative effects of reduced Piv and increased mv on edema accumulation A small reduction in Ppw for 4 h reduced excess lung liquid by -50%. Pulmonary lymphatic drainage has little effect on overall liquid flux during acute accumulation ofedema (16) , so reduced edema is due to reduced rate of edema formation. This effect was independent of pulmonary blood flow, for it occurred in the groups with the lowest (bled) and highest (nitroprusside) cardiac outputs. In neither group was 7riv greater than the No Rx group, and there is no reason to expect phlebotomy or nitroprusside to alter Kf, a-, Pis, or iris. Pulmonary vascular surface area (A) is not affected in a major way by changes in pulmonary outflow pressures (Ppw), but can decrease by vascular derecruitment when pulmonary inflow pressure (Ppa) decreases with respect to the pressure surrounding alveolar vessels (Palv) (17) . In this study, Ppa was about 5 mm Hg lower in the bled and nitroprusside groups than in the No Rx group. However, Ppa is much greater than Palv in all grQups, making derecruitment an unlikely cause of reduced edema in the bled and nitroprusside groups.
One explanation of our finding is that reduced Piv reduces edema formation throughout the treatment period, so that at 5 h after oleic acid treatment, alveolar and interstitial reservoirs are still filling faster in No Rx than bled or nitroprusside groups. Alternatively, the duration of increased edema flux after oleic acid treatment may be brief, ending in a new steady state of zero liquid accumulation before 1 h. Then the liquid in the No Rx group remains constant, while that in groups with lowered Piv decreases rapidly to a new steady state, where it remains constant, as if the final volume in the interstitial and alveolar reservoirs were determined by the hydrostatic pressure in the vascular conduits filling them (18) . We are unable to distinguish between these possibilities without in vivo measurements of lung water.
The composition of excess lung liquid also changed when Piv was lowered. In an earlier study (7) , we used radiolabeled erthyrocytes and albumin to deduce that oleic acid edema consists of -25% blood, 50% cell-free plasma, and 25% crystalloid. This composition was compatible with the increased dry weight of the lung, which was entirely attributable to excess lung blood having a wet/dry weight ratio of 4. In the present study, there were no differences in lung dry weights among groups, suggesting that the amount of excess blood was similar, so blood leak was not determined by pulmonary vascular pressures. Accordingly, reduced lung weights in bled and nitroprusside groups were entirely due to reduced plasma and crystalloid leak when Ppw was reduced.
The equation for lung liquid flux predicts that increased miv relative to iris should reduce edema. Indeed, when ov is 1.0, an increase in 7riv should reduce edema as much as an equal reduction in Piv. In the albumin group the increase in viV had no effect on any index of excess lung liquid. This result extends the findings of Geer et al. (19) , who demonstrated that albumin infusion did not affect the formation of pulmonary edema in rabbits with acid aspiration, and conflicts with the beneficial effects of increased 7riv on edema in isolated canine lobes injured by HC1 (20) . Assuming that albumin infusion in vivo did not change Kf, o, A, or Pis, we conclude that increased fnv did not reduce edema, because oleic acid reduced a and the protein concentration difference (iriviis). These data suggest that raising circulating protein concentrations will have no therapeutic effect on edemagenesis, and predict that albumin or plasma infusion may increase edema if the attendant increase in Ppw and Piv is not prevented.
Accordingly, lowered Piv is more effective in reducing low pressure edema than raised riv because a, is always <1, and the relative beneficial effect of APiv over A7riv becomes more pronounced as cr decreases. One synthesis of these concepts employs colloid solu-tionls to maintain adequate circulating volume in pulmonary capillary leak, and treats the edema by lowering Ppw to the lowest value consistent with adequate cardiac output. Fluid restriction, diuretics, ultrafiltrationi, and plasmapheresis may reduce Ppw and cardiac output just as phlebotomy did in the bled group. Conceivably, cardiac output can be maintained at reduced Ppw by vasoactive agenits, but the effects of these agents on the pulmiioniary vasculatuire may affect intrapulmonary shunt.
Effects of sodituml nitroprusside infusiotI Pito ott( ajty effects. Comiiparisoni of' hemiiodyiiamiics and gas exchange between l)ledl and nitroprusside groups suggests that nitroprutsside dilated pulmonary vessels. Despite simiilar inflow (Ppa) and ouitflow (Ppw and Palv) pressure in the two groups, cardiac output halved and PVR doubled in the bled group, but neither changed in the nitroprusside group. This large differeince in PVR canniot be attributed to differences in edema or vascular recruitment between these groups, since all weight indices and Ppa-Palv are quite similar. One explanation of these data is that nitroprusside blocked the pulmonary vasoconstriction occurring in oleic acid edemla.
To the extent that vasoconstriction preferred nonventilated edemiiatous regions, nitroprusside infusion would inicrease shunit. This explanation is consistent with the gas exchange (lata. Shunt decreased in six of seveni bled dogs between 1 and 5 h, and mean Qs/Qt decreased fromi 18 to 12% (P < 0.05). In contrast, Qs/Qt increased in four of seveni NP dogs during the samne time, and mnean Qs/Qt remnainied at 23%. Sinice this difference in Qs/Qt at 5 h between groups was not due to reduced edema in the bled group, it may be attributed to redistribution of pulmonary blood flow toward nonventilated lung units on nitroprusside. We observed similar results in another study when brief infusion of nitroprusside in dogs with oleic acid pulmonary edema doubled the shunt, which returned to the original value when the drug was stopped.' In that study, as in this, we cannot exclude the alternative explanation that increased cardiac output on nitroprusside caused increased shunt (21) .
In patienits with pulmonary edema, it is often not possible to rneasure the amount of excess liquid or its changes with time or therapy. There is some rationale for estimating the couirse of edema from its complications, viz., hypoxemia, shunt, and altered lung mechanics. Note that the chacnges in Pao2 and Qs/Qt between observed in normal dogs, where reduced ventricular filling pressure on the drug was associated with reduced stroke volume and cardiac output (22) .1 Oleic acid, its effects onl lung liquid, on systemic vascular resistance, or on the heart was associated with reduced cardiac output and stroke volume at the same Ppw after 1 h (see Table I ). 5 h after oleic acid, the further reduction in left ventricular pumping function in all groups but the nitroprusside group is indicated by the depressed Starliing curve in Fig. 2 . This effect of oleic acid on left ventricular fuinction was associated with increased systemic vasctular resistance in the other four groups, yet neither venitricular functioni nor resistance became abnormal in the group treated with nitroprusside. Accordingly, nitroprusside prevented the reduction in stroke volumile seen in the bled group despite the samiie preload (Ppw) and pressure afterload, presumably by preventinig the large increase in systemic vascular resistance. In a subsequent study,' we demonstrated that a brief' nitroprusside infusion increased stroke volume and reduced Ppw and systemic vascular resistance in caniine oleic acid edema, and these returned to base-line values when the drug was stopped. We conclude that nitroprusside infuision improves ventricular pumping function in canine oleic acid pulmonary edema, permittinig reduced Ppw and reduced edema withouit reducing cardiac output. As in our canine experimients, nitroprusside infusioni in patients with adult respiratory (listress increased cardiac output and stroke volumne aind reduced Ppw (23) . These considerations suggest that nitroprusside is one vasoactive agent that may reduce low pressure pulmonary edenia and maintain cardiac output in patients with pulmonary capillary leak.
One mlechanism of the nitroprtusside effect in canine oleic acid edemiia is illustrated in Fig. 5 tion of 0.5 at 1 h, we calculated (stroke volume/ejection fraction), corresponding Ppw, and drew a tent both with our data and reporti P curves (24) . The corresponding (end diastolic volume minus strokl against end-systolic pressure, tak systolic volume against the same end-systolic pressure when the systemic vascular resistance is reduced.2 Conceivably, the large increase in systemic vascular / resistance at 5 h in the No Rx group presents a large Systolic / resistive afterload, which impedes ventricular ejection curve lh / at the same end-systolic pressure in the left panel.
When nitroprusside prevents the increase in systemic vascular resistance, end-systolic volume is not in-/ creased, as in the right panel.
Alternatively, the favorable effects of nitroprusside relate to improvement of ventricular function de-0 25~~pressed by oleic acid injury of the heart. Since it has ICULAR VOLUME such a dramatic effect in the lung, oleic acid might also affect vascular permeability in other organs including acid on left ventricular the heart. We made no measurements of gross, microsae) relationshipsc Lent scopic, or histochemical pathology in the hearts of our gh the mean dataat 1 h experimental animals to confirm this possibility. iend-diastolic V-P rela-Whether or not the heart is injured by oleic acid, the is unchanged and endpumping function of the left ventricle returned to the ed by the filled circle on preoleic acid state during acute nitroprusside infusion' ,V-P curve. Right panel: and remained normal during chronic infusion in this V-P curves are drawn circles). At 5 h, stroke study Both favorable acute and chronic effects of nitrolic and systolic volumes prusside were associated with large reductions in sys--P curves (filled circles). temic vascular resistance in canine oleic acid edema, depression of left ven-and similar cardiovascular effects of nitroprusside were observed in patients (23) . Evidence suggesting that reduced resistive load improves ventricular pumping end-diastolic volume function2 enhances our preference for that explanation plotted it against the of nitroprusside action. However, our results cannot exsmooth curve consis-clude the possibilities that nitroprusside reversibly ed canine diastolic V-repairs oleic acid injury in the heart, or that the oleic Y end-systolic volume acid-injured heart has a greater improvement in pumpe volume) was plotted ing function on nitroprusside than will occur in adult .en to be mean blood respiratory distress. pressure. The slope and position ofthe systolic V-P line drawn through our mean data describe the pumping performance (contractility) of the left ventricle (25) . At 5 h, when Ppw and so end-diastolic volume were unchanged, stroke volume decreased because end-systolic volume increased at the same pressure afterload. Accordingly, the interrupted systolic V-P curve at 5 h indicates depressed left ventricular contractility. In the right panel, the same approach was used to construct diastolic and systolic V-P curves at 1 h consistent with the mean data of the nitroprusside group. At 5 h, Ppw and so end-diastolic volume were reduced on nitroprusside along the diastolic V-P curve. However, stroke volume was not reduced, so end-systolic volume and blood pressure decreased on nitroprusside. These changes suggest that the end-systolic V-P curve at 5 h was not changed from the 1-h curve, so nitroprusside prevented the depression in contractility illustrated for the No Rx group in the left panel. Since nitroprusside does not enhance contractility of ventricular muscles (26), we propose an alternate explanation based on the observation that the left ventricle ejects to a smaller end-
Effects of Peep
Prediction of the effect of Peep on pulmonary edema is complicated by the diverse effects of increased lung volume on intravascular and extravascular pressures of both alveolar and extra-alveolar vessels (27) . Our data describe for the first time the effect of Peep on in vivo lung liquid accumulation during acute pulmonary capillary leak. The effects were observed in experimental conditions analogous to clinical pulmonary capillary leak in that cardiac output and ventricular filling pressures were maintained during ventilator management of hypoxemia (5) . Since Peep had no effect on any measured index of pulmonary edema, we conclude that moderate levels of Peep do not influence the rate of edema formation in pulmonary capillary leak.
This agrees with previous in vivo studies of high pressure edema showing either no effect of Peep on lung liquid accumulation (28) (29) (30) or a small increase in edema on Peep (31) . It is not consistent with another study of pulmonary capillary leak induced by hydrochloric acid in isolated perfused canine lobes (32) , in which Peep markedly increased edema.
Although 4 h of Peep did not reduce edema, it did reduce intrapulmonary shunt from 29 to 9%. The large Qs/Qt at 1 h was likely due to nonventilation of flooded, perfused lung units, yet the dramatic improvement in pulmonary oxygen exchange at 4 h was not due to reduced edema. These considerations demonstrate the discrepancy between improved arterial oxygenation and improved edema on Peep, and emphasize that Peep usefully manages the hypoxemic manifestation of pulmonary edema without treating the underlying cause. Since Peep reduced cardiac output, causes barotrauma, and may increase edema, one approach is to use the least Peep that provides adequate arterial saturation during ventilation with nontoxic oxygen concentration. Then edema may be minimized by seeking the lowest Ppw compatible with adequate cardiac output, which in turn can be increased at low Ppw by vasoactive agents like nitroprusside.
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